A DFT study of reaction pathways of NH3 decomposition on InN (0001) surface J. Chem. Phys. 137, 054708 (2012) Metal-induced solid-phase crystallization of amorphous TiO2 thin films Appl. Phys. Lett. 101, 052101 (2012) Oxidation kinetics of nanoscale copper films studied by terahertz transmission spectroscopy J. Appl. Phys. 111, 123517 (2012) On-line determination of Förster resonance energy transfer efficiency in drying latex films: Correlation of interdiffusion and particle deformation Rev. Sci. Instrum. 83, 063103 (2012) Direct measurement of lateral macrostep velocity on an AlN vicinal surface by transmission electron microscopy J. Appl. Phys. 111, 103529 (2012) Additional information on J. Appl. Phys. The (Ba,Sr͒RuO 3 ͑BSR͒ oxide electrode which can enhance electrical properties of (Ba,Sr͒TiO 3 ͑BST͒ dielectric film due to structural and chemical matches with BST, was evaluated as an oxygen diffusion barrier. It was possible to restrain the oxidation of TiN layer under BSR to TiO 2 by sequential depositions of amorphous BSR and crystalline BSR, in which the amorphous BSR eventually crystallized into crystalline BSR during the deposition of crystalline BSR. When two-step BSR layers on TiN, however, were annealed in oxygen ambient at 700°C, oxygen atoms diffused and oxidized TiN layer to TiO 2 . On the other hand, oxygen could be effectively blocked by the BSR/Ru bilayer. In this system, the Ru sublayer plays a role as an oxygen getter and the bilayer tends to block oxygen diffusion. The blocking effect was more obvious when the thickness of BSR in the bilayer increased. The BST/bilayer showed higher dielectric constant due to the suppression of formation of a low dielectric layer between BST and the bilayer. Although the BST/bilayer showed a slightly higher leakage current density, it was possible to reduce the leakage current density to 10 Ϫ8 order A/cm 2 at 1 V by increasing the BSR thickness in the bilayer.
I. INTRODUCTION
One of the critical issues for Gbit scale dynamic random access memories ͑DRAMs͒ is the secure obtainment of cell capacitance of the memory capacitor. In recent years, the traditional SiO 2 /Si 3 N 4 dielectrics have reached their practical thickness limits in increasing cell capacitance. Therefore, a high dielectric capacitor material is proposed as a solution. Among high dielectric materials, (Ba,Sr͒TiO 3 ͑BST͒ thin film has been extensively investigated as a dielectric material for future DRAMs due to its high dielectric constant, low leakage current, lack of fatigue or aging problem, and small dielectric loss.
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The selection of the bottom electrode becomes crucial as the component layers in the device become thinner and the deposition and annealing conditions of BST films become severe. Among many electrode materials, a high work function metal like Pt has been commonly employed as an electrode for the BST capacitor. However, in practical applications, problems such as formation of hillocks at higher temperature, amiability in oxygen diffusion, poor adhesion to Si, and difficulty in patterning hinder its usage as a bottom electrode of BST dielectric film. 3 Although the electrically conductive oxide material, RuO 2 , was suggested as its alternative, it also has drawbacks such as reduction during BST film deposition and property degradation of BST films. 4, 5 Recently, (Ba,Sr͒RuO 3 ͑BSR͒ oxide electrodes, which can provide structural and chemical matches to BST film, has been investigated and the resulting BST films showed outstanding electrical properties compared to those of BST films on the other electrodes. In particular, BSR films showed thermal stability in oxygen or nitrogen ambient at high temperatures. 6, 7 In practical device architecture, BST/BSR capacitors are fabricated on a doped ploy-Si plug which electrically connects the capacitor to the transistor. If BSR films were directly deposited on poly-Si, SiO 2 could be formed and contact resistance would increase. Therefore, the barrier layer to prevent the oxidation of poly-Si plug during deposition and annealing is required.
TiN is typically used as a barrier material and also enhances the adhesion of the electrode. In the case of the Pt bottom electrode, oxygen atoms easily diffuse through Pt along the grain boundaries and induce the formation of TiO 2 insulating layer in TiN. 8 In the case of the RuO 2 system, on the other hand, the oxygen diffusion blocking properties have not been explored in depth.
In this study, we investigate the oxygen diffusion properties of BSR films deposited on TiN coated Si wafers. First, two-step processed BSR films, where the amorphous BSR (a-BSR) and crystalline BSR (c-BSR) films are deposited in order, were evaluated whether they can effectively protect the oxidation of TiN layer during the deposition of BSR film. Second, we introduced Ru oxygen gettering sublayers under the c-BSR layer in order to study the oxygen blocking ability of the BSR/Ru bilayer and the electrical properties of BST films on that bilayer.
II. EXPERIMENT
A. Two-step processed BSR film BSR film was deposited on TiN ͑100 nm͒ Si substrate using radio frequency magnetron sputtering. In order to minimize the oxidation of TiN during deposition of BSR film, a-BSR film was deposited first using only argon disa͒ Electronic mail: quartzmina@ihanyang.ac.kr JOURNAL OF APPLIED PHYSICS VOLUME 91, NUMBER 12charge at room temperature, which was followed by the deposition of c-BSR film in the mixed gas of argon and oxygen (Ar/O 2 ϭ9:1) at 400°C. Deposition temperature was decided under the consideration of activated oxidizing temperature of TiN film ͑500°C͒. Although the total thickness of BSR film was aimed to 100 nm, the respective thickness of a-BSR and c-BSR in two-step BSR films was split into 20 nm/80 nm, 40 nm/60 nm, 60 nm/40 nm, and 80 nm/20 nm to find the optimum condition.
Oxygen annealing was performed for the two-step BSR/ TiN/Si at 700°C for 1 min using the rapid thermal annealing ͑RTA͒ system. For the relative evaluation of the oxygen diffusion properties of two-step BSR film, Pt/TiN/Si was prepared and annealed under the same annealing condition.
B. c-BSRÕRu bilayer
Oxygen diffusion behavior of the bilayer was studied with the simplified Ru/SiO 2 substrate instead of the Ru/TiN/SiO 2 structure to avoid complexity. Ru film was deposited by the metalorganic chemical vapor deposition ͑MOCVD͒ method and carbon and oxygen contents of resulting films were negligible.
The c-BSR film was deposited on Ru/SiO 2 substrate un der Ar/O 2 ϭ9/1 at 450°C in 10 mtorr. The thickness of c-BSR film in bilayer was split to 20 and 50 nm and that of Ru was fixed to 100 nm. Deposition of 100-nm-thick (Ba 0.5 ,Sr 0.5 )TiO 3 film on the bilayer was performed at 500°C under Ar/O 2 ϭ9/1. In order to compare the properties of BST on the bilayer and BST on the Ru layer, BST film ͑100 nm͒ was deposited also on the Ru (100 nm͒/SiO 2 substrate with the same deposition conditions. BST/bilayer and BST/Ru were annealed in oxygen ambient at 650 or 700°C for 1 min using RTA. The phase identification and crystallinity of films were analyzed by x-ray diffraction ͑XRD͒ using Cu K␣. The resistivity of films was calculated from sheet resistance obtained by a four-point probe. Surface morphology and roughness of the film were measured by atomic force microscopy. Distribution of elements in thickness direction was investigated by Auger electron spectroscopy ͑AES͒.
For the electrical measurement, an Al upper electrode with a diameter of 200 m and 300 nm thickness was deposited on the BST film by thermal evaporation using a stainless steel shadow mask. The leakage current was measured by an HP4145B semiconductor parameter analyzer. The dielectric constant was calculated by an HP4284 impedance analyzer. 
III. RESULTS AND DISCUSSION

A. Evaluation of two-step BSR film against oxygen diffusion
The control of the thickness ratio of c-BSR and a-BSR is important in view of providing the exact amount of thermal budget necessary to crystallize a-BSR film during the deposition of c-BSR without oxidizing TiN. Therefore, twostep BSR films having different thickness ratios were deposited and AES depth profiles of the resulting films are presented in Fig. 1 . It seems from these profiles that a-BSR layer in two-step BSR films effectively suppresses the oxygen diffusion and the formation of TiO 2 during deposition. Despite this, all the specimens show a little hump of oxygen concentration at the interface, almost the same oxygen concentration obtained from the as-deposited TiN. Among these specimens, however, BSR film with the thickness ratio of c-BSR to a-BSR of 60 nm/40 nm was selected for the continuing study since the electrical resistivity of this film was the lowest and almost the same as the crystallized BSR. This result suggests that the 60 nm/40 nm BSR is the optimal thickness ratio in our deposition conditions. That is, if the a-BSR layer is too thick to be fully crystallized during the deposition of the c-BSR layer, then the electrical conductivity will be lower because of the a-BSR of the uncrystallized. On the contrary, if the a-BSR is too thin, the oxygen could diffuse through grain boundaries of the c-BSR after the completion of the crystallization of the a-BSR layer.
In order to investigate the oxidation resistance of twostep BSR during the oxygen annealing-wherein it is unavoidable to deposit BST film-60 nm/40 nm BSR and Pt/ TiN were annealed rapidly in oxygen ambient at 700°C for 1 min. Figure 2 shows the constituents distribution profile in the film measured by AES after oxygen annealing. It is quite obvious in both films that the significant amount of TiO 2 phase is formed, although the degree of oxidation in two-step BSR is less than that in Pt/TiN. We, therefore, can conclude that the two-step BSR itself is not an effective method to prevent the oxidation of the TiN layer.
B. BSRÕRu bilayer
Ru is a slowly oxidizing species upon exposure to oxygen at a high temperature without losing conductivity since RuO 2 is also an electronic conductive oxide material. From the previous finding that BSR film itself cannot effectively block oxygen diffusion, c-BSR/Ru bilayer was examined with the expectation that the Ru acts as an oxygen getter. Being an electrode, first of all, low resistivity is a necessary requirement. Figure 3 shows a variation of the resistivity of differently prepared electrodes. As-deposited MOCVD Ru film shows the highest resistivity associated with poor film quality due to a relatively low deposition temperature ͑280°C͒. Such high resistivity can be lowered by postannealing of as-deposited Ru in inert ambient at an elevated temperature ͑450°C͒. The resistivity of c-BSR ͑20 nm͒/Ru bilayer is comparable to that of postannealed Ru film since the metallic Ru in bilayer governs the overall resistivity. However, when the thickness of c-BSR film in bilayer increases to 50 nm, the resistivity also increases because the BSR is less conductive than metallic Ru Nevertheless, the resistivity of this bilayer is still acceptable as an electrode for BST films as far as conductivity is concerned.
As an electrode, it is also important to provide good electrical properties to dielectric films grown on it. The dielectric constants of BST films on bilayer and metallic Ru electrodes were measured after annealing at 650 or 700°C in oxidation ambient, with the results shown in Fig. 4 . When the annealing temperature increases from 650 to 700°C, the dielectric constants of BST films on both c-BSR ͑20 nm͒/Ru bilayer and Ru increase. However, the increment in dielectric constant is noticeably different between BST/bilayer and BST/Ru. BST/bilayer exhibits a much higher dielectric constant. It is understood that the dielectric constant of BST film is mainly affected by factors such as crystallinity of BST film, grain size, and interfacial layer properties between BST film and an electrode. 3 Hence, the x-ray diffraction patterns of BST films on electrodes can provide insight to understand the dielectric properties. The XRD patterns are shown in Fig.  5 . In the case of applying c-BSR ͑20 nm͒/Ru bilayer, Ru ͑101͒ peak is exhibited while that in BST/Ru does not. Moreover, the BST films turned out to be polycrystalline phase with no significant difference between BST/bilayer and BST/ Ru. In an earlier study, (Ba 0.5 ,Sr 0.5 )RuO 3 , which has a similar composition with (Ba 0.5 ,Sr 0.5 )TiO 3 , can act to suppress the formation of a low dielectric layer at interface in BST/ BSR capacitor since divalent elements ͑Ba and Sr͒ in both phases have no chemical activity difference to diffuse. This chemical match leads to a higher dielectric constant of BST than that of BST/other electrodes, which was proven by the interfacial-layer thickness dependency of dielectric constant on composition variations of Ba/Sr in BSR film. 10 Therefore, it is thought that the improvement of the dielectric constant of BST film on bilayer is associated with the minimal formation of the interfacial layer. Figure 6 shows the leakage current density of BST films on different types of electrodes with annealing temperatures. The leakage current densities of BST films on c-BSR ͑20 nm͒/Ru bilayer annealed at 650 and 700°C are about one order higher than those on Ru at 1 V. Generally, a high work function of metallic electrodes induces lower leakage current density than oxide electrodes by building up high Shottky barrier with BST film. However, the surface morphology of the bottom electrode is also an important factor affecting leakage current level of BST film. 11 Therefore, c-BSR ͑20 nm͒/Ru film was annealed in oxygen ambient at 650°C and the surface morphology of the film was investigated. The surface of c-BSR ͑20 nm͒/Ru bilayer consists of relatively sharp grains. It seems that the high electric field induced to the tip of grains of the bilayer leads to a high leakage current.
The sharp grains of c-BSR ͑20 nm͒/Ru may originate from the oxidation of Ru to RuO 2 which, in turn, affects the surface of BSR on top of Ru in the bilayer. In order to reduce the effect of Ru oxidation on the surface morphology of BSR film in the bilayer, the thicker BSR film ͑50 nm͒ was deposited on Ru and annealed in oxygen ambient. Surface morphology of the resulting film is shown in Fig. 7͑b͒ . As expected, the c-BSR ͑50 nm͒/Ru bilayer shows a smoother surface compared to c-BSR ͑20 nm͒/Ru. Figure 8 presents the leakage current density of BST films on a bilayer having different thickness of BSR film and that of BST film on Ru. The leakage current density of BST film on c-BSR ͑50 nm͒/Ru as low as that of BST film on Ru was observed, although it slightly increases at high voltages. This implies that surface roughness is one of the crucial factors affecting the leakage current of BST film. And that it is possible to lower the leakage current of BST film by controlling the surface morphology by increasing the thickness of BSR film in bilayer. In addition, there is no degradation of dielectric constant of BST film and the value is almost the same as that of BST film on c-BSR ͑20 nm͒ Ru.
The elemental distributions in annealed BST/c-BSR (20 nm͒/Ru/SiO 2 and BST/Ru/SiO 2 are plotted in Fig. 9 . At first glance, oxygen seems to penetrate both c-BSR ͑20 nm͒/Ru bilayer and BST/Ru to the same degree. However, atomic concentration of oxygen shows a gradient in Ru film in BST/c-BSR ͑20 nm͒/Ru while that in BST/Ru does not. This suggests that BSR film can play a role as an oxygen blocking layer when it is used with Ru. To confirm the effect of BSR layer in BST/BSR/Ru structure, the thicker BSR film ͑as much as 50 nm͒ was prepared and annealed. Figure 10 presents the AES depth profile result. AES spectra from BST/BSR ͑50 nm͒/Ru reveals that the BSR/Ru bilayer having a thicker BSR layer blocks the oxygen diffusion more effectively. Therefore, although BSR film itself may not be a good oxygen diffusion barrier, it can be an effective oxygen barrier when it is used with the Ru layer as a form of the BSR/Ru bilayer electrode.
IV. CONCLUSION
Oxygen diffusion behavior through the two-step BSR electrode ͑sequential deposition of room temperature amorphous BSR followed by elevated temperature crystalline BSR͒ was investigated by annealing that film in oxygen atmosphere at 700°C, expecting the oxide electrode to be more resistant to oxygen diffusion than the metal electrode. However, the AES depth profiles indicate that the ability of blocking oxygen diffusion for the two-step BSR layer on TiN is poor and similar to that of the Pt electrode, except that the degree of oxidation in two-step BSR/TiN is slightly less than that in Pt/TiN. Such a slight possibility of the BSR electrode compared to metal electrode was supplemented by adopting, a Ru oxygen gettering layer under the crystalline BSR film. The atomic concentration of oxygen in BST on the BSR ͑20 nm͒/Ru bilayer system after annealed in oxygen ambient at 700°C showed an oxygen concentration gradient through the BSR ͑20 nm͒/Ru bilayer in contrast to the BST/Ru system ͑in which the oxygen atoms easily penetrated͒. When the BSR thickness in the bilayer was increased to 50 nm, the oxygen diffusion was more successfully inhibited and the profile demonstrated the steep concentration gradient of oxygen in the bilayer.
The dielectric constants of the BST/BSR ͑20 nm͒/Ru resulted in a higher value than those of BST/Ru-as much as a 30% increase-after oxygen annealing at 650 and 700°C due to the suppression of the formation of a low dielectric phase at the interface. However, the leakage current densities of BST/BSR ͑20 nm͒/Ru were about one order higher than those of BST/Ru at 1 V. Presumably, this is associated with the high electric field induced at the tip of the sharp grain of the bilayer originated from Ru oxidation. By increasing the BSR thickness to 50 nm in the bilayer, however, the surface morphology of BSR ͑50 nm͒/Ru became smoother and the leakage current densities of BST/BSR ͑50 nm͒/Ru were reduced to 10 Ϫ8 order A/cm 2 .
